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Abstract. This study is aimed to develop a novel non-contact ultrasonic indentation system for 
measuring or imaging quantitative mechanical properties of soft tissues, which are increasingly 
important for tissue assessment and characterization. The key idea of this method is to use a water 
beam as an indenter to stimulate the soft tissue. The water beam also serves as a medium for an 
ultrasound beam propagating through. The application of water beam benefits the system to use 
focused high frequency ultrasound without any additional attenuation. The indentation 
deformation was estimated from the ultrasound echoes using cross-correlation algorithm and the 
indentation force was calculated from the measured pressure and an overall force. Experiments 
were performed on tissue-mimicking phantoms whose Young’s moduli and Poisson’s ratio were 
measured using uniaxial compression and the indentation pressure/deformation curves were 
obtained. This system shows good ability in measuring the phantoms with different stiffness. It is 
expected that this novel water beam indentation method can be used to construct an ultrasound 
elastomicroscopy for imaging tissues elasticity in a high resolution. 
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1. Introduction 
 
To measure or image the mechanical properties of tissues has been attracting 
increasing research efforts during the recent decades as changes in tissue stiffness are 
often related to pathological changes in tissue. In pathological situation, soft tissues, 
such as sclerous cancer, edema, degeneration, and pressure sore, posses different 
stiffness. Normal tissues may also have different stiffness, which is important 
information for tissue characterization. The tissue mechanical properties can even take 
on different values depending on whether measured in vivo or in-vitro, in situ or as an 
excised specimen. For the lack of quantitative tools for in vivo assessment of living 
tissue, manual palpation has been the primary technique for tissue stiffness assessment 
for many years in clinic. However, it strongly relies on personal experiences and cannot 
provide a quantitative measurement of changes in tissue stiffness.   
Indentation has been the most frequently used approach to measure the mechanical 
properties because it does not require special specimen preparation techniques. 
Moreover, it has the added advantage that the material properties of soft tissues are 
determined in situ or in vivo. It also provides a method to determine the variation of 
tissue properties over a relatively large surface because it can perform multiple tests at 
several different sites conveniently and does not affect the ultra-structure or composition 
of the tissue [1]. Theoretical analysis of general indentation problems, with various 
This is the Pre-Published Version.
 2
idealizations of the physical model, has been conducted for about a century. Some 
mathematical solutions have also been solved for thin-layer soft tissues and materials [2-
7]. The indentation depth, the shape and size of the indenter, and tissue thickness are 
critical factors in the calculation of tissue mechanical properties [8-11].  
Several generations of indentation instruments have been developed for tissue 
mechanical properties assessment, especially for articular cartilage [4, 12-14]. These 
mechanical indentation apparatuses employ a load cell to measure the loading force, and 
a displacement transducer (LVDT) to record the tissue deformation in concert with the 
displacement of the indenter. A cylindrical flat-ended, or a spherical, rigid indenter is 
used to perform contact loading on soft tissues. The structures of these mechanical 
indentation instruments are quite complicated which cannot be used for in vivo 
measurement in clinic. On the other hand, they employ a needle probe to penetrate into 
the tissue to measure the tissue thickness, which is important information for indentation 
stiffness estimation. Destruction of the tissue structure at the site of measurement 
restricts the further use of the specimen. For clinical application, similar but portable 
indentation instruments have been developed for the quantification of cartilage stiffness 
under arthroscopic control [15], in vivo analysis of residual limb tissues [16], plantar 
tissue stiffness measurement in patients with diabetes mellitus and peripheral neuropathy 
[17], stiffness estimation of spinal tissues [18] etc. These indentation apparatuses use the 
obtained force/ deformation (F/D) curves to estimate the tissue stiffness; however, they 
are limited in the lack of tissue thickness.  
 During recent decades, ultrasound has been introduced to measure or image the 
mechanical properties of soft tissues [19-22]. The development of ultrasound indentation 
apparatuses improves the indentation technique quite a lot because it can measure the 
tissue deformation and meanwhile obtain the tissue deformation in vivo non-invasively 
[23-24]. A load cell or a strain gauge is used to collect the force loading on the tissue. A 
flat-ended ultrasound transducer is used as indenter, meanwhile it can estimate the 
indentation depth and tissue thickness by the time delay of the ultrasound echoes 
reflected from the interested soft tissues. The accuracy of ultrasonically derived 
measures of displacement during indentation has been investigated [25]. Compared with 
other methodology in tissue thickness measurement, like using optical [26] and needle 
probe [4], ultrasound-based techniques have been proved to be most suitable for in vivo 
tissue thickness measurement because of its noninvasiveness. Ultrasound indentation is 
easy to use for in vivo stiffness measurement, and it has been widely used for assessment 
of residual limb tissues, diabetic foot tissue, fibrotic neck tissue with radiotherapy, and 
spinal tissues [25-30]. It has also been demonstrated that the proposed ultrasound 
indentation technique can be used to accurately identify the abnormality of articular 
cartilage [21, 31].     
Present ultrasound indentation techniques utilize an unfocused transducer as an 
indenter to stimulate the soft tissue. The direct contact way makes it difficult for them to 
properly stimulate the small specimens of soft tissue and biomaterial due to the relative 
large size of the transducer. Moreover, for these developed techniques, ultrasound 
frequency typically operated in the range from 2MHz to 10MHz, which can obtain tissue 
deformation at the resolutions in the order of several millimetres. It’s obvious that the 
resolution is not sufficient for the mechanical properties measurement of the structural 
organs, like articular cartilage, corneal tissues or thin skins with a higher demand of 
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resolution. To achieve ultrasound indentation measurement at a microscopic level, 
focused high frequency ultrasound transducers have to be used. However, it remains 
challenge for the present techniques, say contact ultrasound indentations, because of the 
increased signal attenuation for high frequency ultrasound when passing through tissues.  
Accordingly, it is very necessary to develop a new method to achieve non-contact 
ultrasound indentation so that we can 1) perform proper loading on small specimen, 2) 
use high frequency ultrasound without the problem of high attenuation to achieve high 
resolution elasticity imaging. The main idea in our approach is to use a water beam 
serving as an indenter and as the medium for ultrasound propagating through. The 
potential of this non-contact ultrasound indentation system to measure phantoms with 
different stiffness has been demonstrated.  
 
2. Materials and Methods 
 
2.1 System description 
 
A non-contact ultrasound indentation system was constructed (Fig. 1) using a water 
beam as an indenter. As shown in Fig. 1, the system consisted of a focused, high-
frequency (20 MHz) ultrasound transducer, a water ejector and a pressure sensor. The 
pressure sensor was used to monitor the water pressure within the water pipe. The 
transducer with a nozzle was installed to a three dimensional translating device which is 
easy to adjust the distance from the nozzle to the specimen surface and later is used to 
perform one-dimensional or two-dimensional scanning over tissue surface. Specimens 
were placed on a rigid platform within a water container. An outlet was used to monitor 
the water level inside the container. A load cell that located under the platform could 
sense the overall force applied on the platform. 
 
 
 
Fig. 1. Diagram of the noncontact ultrasound indentation system using water beam compression.  
 
An ultrasound pulser/receiver was utilized to drive the ultrasound transducer and to 
amplify the received signal. The ultrasound echoes reflected from the specimen were 
digitized by a high speed A/D converter. The pressure and the force were sampled by a 
data acquisition card. Fig. 2 shows the system architecture. A software has been 
developed in Microsoft VC++ to process and display the ultrasound signal together with 
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the force and the pressure in real time during the indentation process. The code is 
multithread with separate threads acquiring A-mode ultrasound, force and pressure data 
synchronously. All the data could be recorded in a file for further off-line study. The 
deformation of the specimen under water beam indentation was estimated from the 
ultrasound echoes using a cross-correlation algorithm. With the high-speed A/D 
converter, when sampling frequency 500 MHz was selected, the accuracy of the time 
measurement was 2 ns. The accuracy of the deformation determined by the water 
indentation system was better than 2 μm. By using the 24-bit A/D converter to digitize 
the force and pressure signal, the accuracy of force was better than 1 e-6N within the 10 
N range and the accuracy of pressure was better than 0.05 Pa within the 350 kPa range.  
 
2.2 Phantom preparation 
 
Tissue-mimicking phantoms made from some kinds of silicones or gels have similar 
mechanical properties with soft tissues while their shapes, sizes and compositions are 
easier to control. In our experiments, three kinds of silicones were used to make 
phantoms with different stiffness for experiments (Fig. 2). The uniform phantom was 
made from one kind of silicones and was supposed as homogeneous. They were labeled 
as type A, B and C according to their material. Each type has three groups of samples, 
named 1, 2 and 3, with different height. Each group has three pieces, labelled as a, b and 
c. The combined phantom was made by two or three kinds of silicones, which had 
different stiffness distribution. The sizes of the phantoms were about 
(width×length×height) 1cm×1cm×0.5cm, 1cm×1cm×1cm, 1cm×1cm×1.5cm for the 
uniform phantoms and o.5cm height with radius 1.1cm for the combined phantoms, 
respectively. 
 
2.3 Experiment design for the uniform phantoms 
 
To demonstrate the feasibility and the function of the non-contact ultrasound 
indentation system, experiments were performed on phantoms and the 
pressure/deformation curves were obtained. As Galbraith and Bryant [32] indicated that 
the results of the indentation analysis were unaffected if the radius of the tissue was at 
least three times the radius of the indenter, in our experiments, the area of the phantom 
was more than twenty-five times the area of the water indenter, such a geometry could 
be accepted. For each test, the phantom was placed on the centre of the platform and was 
slightly fixed by four organic screws. The distance from the ultrasound transducer to the 
phantom surface was modified according to the height of the phantom to keep a constant 
initial distance. The focal point of the transducer was placed approximately at the surface 
level of the phantom. We calibrated the relationship between the pressure measured 
within the water pipe and the overall force applied on platform and found a linear 
relationship between them. Later this calibration result was used to calculate the pressure 
applied on the phantom by assuming a uniform stress distribution in the interface 
between the water beam and phantom surface.  The container was full of water before 
loading to keep a constant water level. In each loading and unloading cycle, the water 
pressure within water pipe ranged from 0 to 180 kPa at a rate of 45 kPa/s. This was 
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repeated for 3 cycles in each test. Each phantom was indented by three times. Twenty-
seven pieces of uniform phantoms were measured in total.  
 
 
 
Fig. 2. Phantoms made from different kinds of silicones were prepared for the experiments.  
 
2.4 Measurement of mechanical properties of phantoms 
 
As a reference of the experimental result of the water indentation, the compressive 
properties of the phantoms were measured by a material testing machine as shown in Fig. 
3 [33]. The axial displacement was monitored by a displacement transducer- linearly 
variable differential transformer (LVDT), and the lateral displacement of the phantom 
was measured by an unfocused ultrasound transducer during the uni-axial compression. 
Ultrasound coupling gel was used between the ultrasound transducer and the phantom 
for ultrasound beam propagation. It was also used in the interface between the phantom 
and the compressor together with that between the phantom and the platform, serving as 
lubrication. The test phantom was placed at the centre of the platform and kept 
perpendicular to the ultrasound transducer. The ultrasound echoes were tracked using the 
cross-correlation algorithm to estimate the lateral displacement of the phantom during 
compression. The uni-axial force applied on the phantom was measured by a load cell. 
The axial displacement, force and ultrasound echoes could be recorded synchronously.  
Each phantom was compressed one time in each test. Such test repeated three times 
for every phantom. The compression rate was kept at 45 µm/s and the total deformation 
was up to 10%. The compressive Young’s modulus and Poisson’s ratio of the phantoms 
could be thus obtained.   
 
2.5 Experiment design for scanning on combined phantoms 
 
One-dimensional scanning experiment was conducted on the combined phantom using 
the three-dimensional translating device. The phantom was first scanned by the 
ultrasound transducer at a moving rate of 1 mm/s when the pressure kept as a constant. 
Then it was scanned again along the same line when the pressure changed to another 
value. The deformation at each site along the scanned line could be thus obtained.  When 
two-dimensional scanning was performed, the same area of the phantom was scanned 
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under different pressure and the surface position distributions of the phantom under two 
different pressures were compared to obtain the deformation distribution image.  
 
 
 
Fig. 3. Diagram of the system which was used to measure the compressive Young’s modulus and Poisson’s 
ratio of the phantom. A load cell was used to measure the uni-axial force. A US transducer was used to 
estimate the lateral deformation of the phantom, while the LVDT was used to measure the axial deformation. 
 
3. Preliminary results 
 
3.1 Experiments on uniform phantoms 
 
Fig. 4a shows the pressure/deformation curves during the loading and unloading 
applied on the test phantom, and Fig. 4b shows the relationship between the pressure and 
the surface deformation of the phantom derived from the ultrasound echoes. The ratio of 
pressure/ relative deformation was used as an index of the stiffness of the phantom.  The 
tests on each phantom showed a good repeatability.   
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Fig.4. (a) The pressure and relative deformation curves on one uniform phantom; (b) the relationship between 
the pressure and the relative deformation.  
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3.2 Measurement of mechanical properties of phantoms 
 
The strain–dependent Young’s moduli and Poisson’s ratios are calculated at the strain 
according to the indentation depth on each phantom by using the non-contact water 
indentation system. The test results also show a good repeatability. The slopes of 
pressure/ relative deformation obtained from water indentation were compared with the 
compressive Young’s modulus. They demonstrated a good correlation with R 2 =0.75 
(Fig. 5).  
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Fig.5. The correlation between the slopes of Pressure/ Relative deformation obtained from water indentation 
and the compressive Young’s modulus of the uniform phantoms.  
 
3.3 Scanning on the combined phantoms 
 
One- and two-dimensional scanning were performed when the pressure within water 
pipe was kept as 0 and 96 kPa respectively. Fig. 6a shows the comparison of the M-
mode ultrasound images obtained under two different pressures. Fig. 6b is the 
deformation distribution along the scanned line derived from Fig. 5a. It indicated that 
under a certain pressure, the deformation of the region made from material A was larger 
than that made from material B, i.e. the region made from material A was softer than that 
made from material B. 
 
                       
(a) (b) 
 
Fig.6. One-dimensional scanning result: (a) comparison between the M-mode ultrasound images obtained 
under two  pressure values; (b) the deformation distribution along the scanned line.  
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Fig. 7a shows a schematic of the two dimensional-scanning, and Fig. 7b is the grey 
image of the deformation distribution of the scanned area. This result agreed with that 
obtained from the one-dimensional scanning.    
 
     
 
(a) (b) 
 
Fig.7. Two-dimensional scanning result: (a) schematic of the scanning area; (b) the grey image of the 
deformation distribution of the scanned area.  
 
4. Discussions 
 
A non-contact ultrasound indentation system using water beam has been 
developed for the assessment of tissue mechanical properties. Preliminary results have 
demonstrated that this novel system was feasible to measure phantoms with different 
stiffness. Because of its use of water beam as an indenter, it could conduct proper 
loading on small specimen, and there was no additional attenuation when high frequency 
ultrasound was used. This new system has an added advantage that it could conduct fast 
scanning on phantoms with various surface conditions. The deformation distribution 
under a certain pressure could be obtained quickly, which indicated the stiffness 
distribution for the interested area of soft tissues.   
There were many factors to affect the system steadiness as water flow was used. The 
effect of the water temperature on the pressure measurement and on the ultrasound speed 
was investigated. Experimental results suggested that when the temperature in the water 
pipe kept accordance with that in the container, the effects were quite slight. Since the 
medium for ultrasound propagation was flowing, the effect of the flow rate on the 
ultrasound speed has also been studied. For a fixed distance from the ultrasound 
transducer to a rigid platform, when the water pressure within the water pipe ranged 
from 0 to 180 kPa, the maxim change of the ultrasound speed through water beam was 
less than 0.04%, i.e. if ultrasound speed in stagnant water was 1520 m/s, it varied 0.6 m/s 
when the pressure ranges from 0 to 180 kPa. Such a result suggested that the effect of 
water flow for ultrasound speed could be neglected.  
In our experiments, a focused ultrasound transducer was used and the system could 
achieve high axial resolution of the measurement because the deformation of phantom 
under water indentation was determined from ultrasound echoes. For 20MHz ultrasound, 
two cycles of damping period and an ultrasound speed of 1520 m/s, the theoretical axial 
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resolution was approximately 75 μm [34], which was much higher than those obtained 
using the contact indentation apparatuses. This resolution could be improved by using 
higher frequency ultrasound.  
During our experiments, the ratio of the pressure/ relative deformation curves was 
used as the index of the material stiffness, however, the extraction of the mechanical 
property from the non-contact water indentation needs further investigation. As previous 
research suggested, the Young’s modulus derived from indentation test are related to the 
Poisson’s ratio of the material, the stress distribution, the indentation depth, and aspect 
geometry of the indentation. The measured Young’s modulus and Poisson’s ratio of all 
the tested phantoms will help much to understand the indentation stiffness. In the future 
work, finite element analysis will also be used to simulate the process of the water 
indentation to well understand the interaction between the water beam and the tested 
phantoms.  
This non-contact ultrasound indentation system has lots of potential applications. It 
could be used to quantitatively assess the stiffness of body tissues for clinical diagnosis, 
such as skin cancer, burn status, cornea condition, blood vessel stiffening, articular 
cartilage degeneration, etc. It also could perform indentation on small specimens in 
microscopic levels for tissue and material characterization for small animal tissues, 
bioengineered tissues, semiconductor materials, thin films, and so on. Moreover, its fast 
scanning function makes it easy to conduct scanning on tissues with large area for 
clothing design, such as bra, swimsuit.   
 
Acknowledgements 
 
This work was partially supported by the The Hong Kong Polytechnic University (G-
YD42) and the Research Grants Council of Hong Kong (PolyU 5245/03E). 
 
References 
 
[1] Mow VC and Hayes WC. Basic Orthopaedic Biomechanics. 2nd ed. Lippincott-Raven, 1997. 
[2] Hayes WC, Keer LM, Herrmann G and Mockros LF. A mathematical analysis for indentation tests of 
articular cartilage, J Biomech 1972; 5: 541-551. 
[3] Mak AF, Lai WM and Mow VC. Biphasic indentation of articular-cartilage .1. theoretical -analysis. J 
Biomech 1987; 20 (7): 703-714. 
[4] Mow VC, Gibbs MC, Lai WM, Zhu WB and Athanasiou KA. Biphasic indentation of articular-
cartilage .2. a numberical algorithm and an experimental-study. J Biomech 1989; 22 (8-9): 853-861. 
[5] Chicot D, Hage I, Demarecaux P and Lesage J. Elastic properties determination from indentation tests. 
Surf Coat Tech 1996; 81 (2-3): 269-274. 
[6] Yu WP and Blanchard JP. An elastic-plastic indentation model and its solutions. J Mater Res 1996; 11: 
2358-2367.  
[7] Sakamoto M, Li G, Hara T and Chao EYS. A new method for theoretical analysis of static indentation 
test. J Biomech 1996; 29: 679-685. 
[8] Jurvelin J, Kiviranta I, Saamanen AM, Tammi M and Helminen HJ. Indentation stiffness of young canine 
knee articular-cartilage – influence of strenuous joint loading. J Biomech 1990; 23 (12): 1239-1246. 
[9] Suh JK and Spilker RL. Indentation analysis of biphasic articular-cartilage – nonlinear phenomena under 
finite deformation. J Biomech Eng- T ASME 1994; 116 (1): 1-9. 
[10] Zhang M, Zheng YP and Mak AFT. Estimating the effective Young's modulus of soft tissues from 
indentation tests - nonlinear finite element analysis of effects of friction and large deformation. Med Eng Phys 
1997; 19 (6): 512-517. 
[11] Yang F. Thickness effect on the indentation of an elastic layer. Mat Sci Eng A 2003; 358: 226-232. 
 10
[12] Newton PM, Mow VC, Gardner TR, Buckwalter JA and Albright JP. The effect of lifelong exercise on 
canine articular cartilage. AM. J Sport Med 1997; 25 (3): 282-287. 
[13] Arokoski JPA, Hyttinen MM, Helminen HJ and Jurvelin JS. Biomechanical and structural characteristics 
of canine femoral and tibial cartilage. Biomed Mater Res 1999; 48 (2): 99-107. 
[14] Athanasiou KA, Agarwal A, Muffoletto A, Dzida FJ, Constantinides G and CLEM M. Biomechanical 
properties of hip cartilage in experimental animal-models. Clin Orthop Relat R 1995; 316: 254-266. 
[15] Lyyra T, Jurvelin J, Pitkanen P, Vaatainen U and Kiviranta I. Indentation instrument for the measurement 
of cartilage stiffness under arthroscopic control. Med Eng Phys 1995; 17(5): 395-399. 
[16] Pathak AP, Silver-Thorn MB, Thierfelder CA and Prieto TE. A rate-controlled indentor for in vivo 
analysis of residual limb tissues. IEEE Rehabil Eng 1998; 6: 12-20. 
[17] Klaesner JW, Hastings MK, Zou D and Lewis C.  Plantar tissue stiffness in patients with diabetes 
mellitus and peripheral neuropathy. Arch. Phys Med Rehabil 2002; 83: 1796-1801.  
[18] Kawchuk GN and Fauvel OR. Sources of variation in spinal indentation testing: indentation site 
relocation, intraabdominal pressure, subject movement, muscular response, and stiffness estimation. J 
Manipulative physiol ther 2001; 24: 84-91.  
[19] Ophir J, Ce´spedes EI, Ponnekanti H, Yazdi Y and Li X. Elastography: a quantitative method for imaging 
the elasticity of biological tissues. Ultrasonic Imaging 1991; 13: 111–134. 
[20] Yamakoshi Y, Sato J and Sato T. Ultrasonic imaging of internal vibration of soft tissue under forced 
vibration. IEEE Trans Ultrason Ferroelec Freq Control 1990; 37: 45–53. 
[21] Suh JKF, Youn I and Fu FH. An in situ calibration of an ultrasound transducer: a potential application for 
an ultrasonic indentation test of articular cartilage. J Biomech 2001; 34 (10): 1347-1353. 
[22] Toyras J, Lyyra-Laitinen T, Niinimaki M, Lindgren R, Nieminen MT, Kiviranta I and Jurvelin JS. 
Estimation of the Young's modulus of articular cartilage using an arthroscopic indentation instrument and 
ultrasonic measurement of tissue thickness. J Biomech 2001; 34 (2): 251-256. 
[23] Zheng YP and Mak AFT. An ultrasound indentation system for biomechanical properties assessment of 
soft tissues in-vivo. IEEE Eng Med Biol 1996; 43 (9): 912-918. 
[24] Han LH, Nobel JA and Burcher M. A novel ultrasound indentation system for measuring biomechanical 
properties of in vivo soft tissue. Ultrasound Med Biol 2003; 29 (6): 813-823. 
[25] Kawchuk GN, Fauvel OR and Dmowski J. Ultrasonic quantification of osseous displacements resulting 
from skin surface indentation loading of bovine para-spinal tissue. Clin Biomech 2000; 15: 228-233. 
[26] Jurvelin JS, Buschmann MD and Hunziker EB. Optical and mechanical determination of Poisson’s ratio 
of adult bovine humeral articular cartilage. J Biomech 1997; 30: 235-241.  
[27] Zheng YP, Mak AFT and Lue B. Objective assessment of limb tissue elasticity: Development of a 
manual indentation procedure. J Rehabil Res Dev 1999; 36 (2): 71-85. 
[28] Zheng YP, Choi YKC, Wong K, Chan S and Mak AFT. Biomechanical assessment of plantar foot tissue 
in diabetic patients using an ultrasound indentation system. Ultrasound Med Biol 2000; 26(3): 451-456. 
[29] Zheng YP, Leung SF and Mak AFT. Assessment of neck tissue fibrosis using an ultrasound palpation 
system: A feasibility study. Med Biol Eng Comput 2000; 38: 1-6. 
[30] Leung SF, Zheng YP, Choi CYK, Mak SSS, Chiu SKW, Zee B and Mak AFT. Quantitative measurement 
of post-irradiation neck fibrosis based on Young’s modulus: description of a new method and clinical results. 
Cancer 2002; 95: 656-662.  
[31] Laasanen MS, Toyras J, Hirvonen J, et al. Novel mechano-acoustic technique and instrument for 
diagnosis of cartilage degeneration. Physiol Meas 2002; 23 (3): 491-503. 
[32] Galbraith PC and Bryant JT. Effect of grid dimensions on finite element models of an articular surface.  J 
Biomech 1989; 22: 385-393. 
[33] Zheng YP, Mak AFT, Lau KP and Qin L. An ultrasonic measurement for in vitro depth-dependent 
equilibrium strains of articular cartilage in compression. Phys Med Biol 2002; 47 (17): 3165-3180. 
[34] Bushong SC and Archer BR. Diagnostic Ultrasound: Physics, Biology, and Instrumentation. New York: 
Mosby, 1991. 
 
